Introduction {#S1}
============

Innate immunity constitutes the first line of host defense against bacteria and is mediated by phagocytes such as macrophages. As a major type of innate immune cell, macrophages can phagocytose bacteria and secrete both proinflammatory cytokines and antimicrobial mediators ([@B1]). During bacterial infection, phagocytes such as macrophages can clear bacteria through phagocytosis, which includes the recognition, uptake, and degradation of bacteria. Thus, phagocytosis has been recognized as a critical component of the innate immune response to bacteria ([@B2]).

Recent studies have suggested that histone modifications play essential roles in macrophage development and function ([@B3], [@B4]). Histone modifications are important regulators of chromatin function and recruit specific nuclear factors in order to promote different cellular functions. These modifications include the methylation, acetylation, phosphorylation, or ubiquitylation of different lysine (K), arginine (R), serine (S), and other amino acid residues in histones ([@B5]). Different modifications have been proposed to be associated with different transcriptional states ([@B6]). For instance, H3K4me3, H3K36me3, H3K79me2, and H3/H4ac are associated with transcriptional activation, whereas H3K9me2/3, H3K27me3, and H4K20me3 are linked with gene repression ([@B7]).

Epigenetic regulators participate in macrophage functions mainly through affecting chromatin remodeling of specific genes and regulating their expression. For example, histone deacetylase 11 (HDAC11) represses IL10 expression by decreasing acetylation at the distal segment of the IL10 promoter ([@B8]). In addition, histone deacetylase 9 (HDAC9) represses PPAR-γ1 expression by decreasing total H3 and H4 acetylation at the promoters in order to promote inflammatory cytokine production ([@B9]). In addition, deficiency of the histone demethylase Jumonji domain containing-3 (Jmjd3) leads to decreased expression of IRF4 through affecting H3K27me3 and to impaired alternatively activated macrophage polarization ([@B10]). In contrast, the histone methyltransferase mixed-lineage leukemia 4 (Mll4) promotes Pigp expression through H3K4 trimethylation at the PigP promoter, which then enhances lipopolysaccharide (LPS)-triggered intracellular signals ([@B11]). These studies suggest that histone modification enzymes are important for regulating cytokine secretion from macrophages. However, it is unclear how many of these histone modifications affect macrophage functions.

Cxxc finger protein 1 (CFP1), as an epigenetic regulator, is an important component of the SETD1 complex ([@B12], [@B13]). CFP1 binds to DNA *via* its Cxxc finger domain and its PHD domain and recruits SETD1 to the promoters of actively transcribed CGI-associated genes ([@B14], [@B15]). CFP1-dependent H3K4me3 regulates H3K9 acetylation and histone acetyl transferase recruitment ([@B16]). Recent studies demonstrated that CFP1 plays a critical role in thymocyte development, and loss of CFP1 leads to a severe blockade of intrathymic T cell development ([@B17]). However, the role of CFP1-mediated H3K4me3 in macrophages remains unclear.

To address these questions, we used CFP1 conditional knockout mice. CFP1-deficient inflammatory macrophages exhibited impaired phagocytosis and intracellular killing of bacteria, which led to susceptibility to bacteria *in vivo*. Using RNA-seq analysis, we identified downregulated genes related to endocytosis and phagosome maturation in CFP1-deficient macrophages. We demonstrated that CFP1 could promote Csf2rα expression through mediating H3K4 trimethylation at the Csf2rα promoter. Additionally, CFP1-deficient macrophages exhibited similar morphology to GM-CSF-deficient alveolar macrophages (AMs). Furthermore, Csf2rα and its downstream protein PU.1 could rescue defects in CFP1-deficient macrophages. Here, we elucidated a crucial role for CFP1 in the positive regulation of phagocytosis and bactericidal activity.

Materials and Methods {#S2}
=====================

Animals {#S2-1}
-------

The *Cxxc1*^fl/fl^ mouse strain has been described previously ([@B17]). LysM-Cre mice (004781) were originally from the Jackson Laboratory. All mice had a C57BL/6J genetic background. Mice of 8--12 weeks old were used for the *in vivo* animal experiments. These mouse experiments were approved by the Institutional Animal Care and Use Committee and were in strict accordance with good animal practice as defined by the Zhejiang University Laboratory Animal Center.

Cell Preparation and Culture {#S2-2}
----------------------------

We prepared and cultured bone marrow-derived macrophages as previously described ([@B18]). Briefly, macrophages were generated in complete RPMI-1640 medium containing 10 ng ml^−1^ recombinant mouse GM-CSF (PeproTech, NJ, USA), 10% FBS (HyClone, UT, USA), 2 mM glutamine, and 100 U/ml penicillin--streptomycin for 6 days with replacement of the medium every 2 days. Approximately 99% of the cells were F4/80^+^CD11b^+^ when analyzed by flow cytometry.

Flow Cytometry and Antibodies {#S2-3}
-----------------------------

The following SunGene antibodies were used in our experiments: F4/80 (BM8, 1 µg ml^−1^), Ly6C (monst1, 1 µg ml^−1^), and MHCII (M5/114.15.2, 1 µg ml^−1^). The CD11b (M1/70, 1 µg ml^−1^), CD11c (N418, 1 µg ml^−1^), CD80 (16--10 A1, 1 µg ml^−1^), and CD86 (GL1, 1 µg ml^−1^) antibodies were from eBiosciences.

Single cells obtained from bone marrow, spleen, or macrophages were stained for 30 min at 4°C with the appropriate fluorophore-conjugated antibodies, washed, and resuspended with flow cytometry staining buffer (1% BSA in PBS). Stained cells were analyzed with a BD Calibur flow cytometer (BD Biosciences). For each experimental condition, 100,000 cells were acquired for analysis.

Establishment of the Mouse Model for Bacterial Infection {#S2-4}
--------------------------------------------------------

Cxxc finger protein 1-deficient and wild-type mice were injected intravenously with 2 × 10^5^ or 5 × 10^5^ *Listeria monocytogenes* (*L. monocytogenes*) (10403S) or were injected intraperitoneally with 7 × 10^7^ *Escherichia coli* (*E. coli*) strain O111:B4. Then, spleens or livers were collected and weighed. Half of spleens or livers were weighed and lysed for measurement of colony-forming units (CFU) (*L. monocytogenes*). The CFU of whole spleens or livers were calculated according the percentage of weight in whole tissues. Serum was collected for the measurement of CFU of *E. coli*.

Phagocytosis and Bacterial Killing Assay {#S2-5}
----------------------------------------

Phagocytosis was assessed by flow cytometry. To assess phagocytosis, 5 × 10^5^ macrophages were reseeded and cultured for overnight. Then, heat-killed *L. monocytogenes* or *E. coli* labeled with Alexa Fluor 647 (Invitrogen) were added at a multiplicity of infection (MOI) of 10 or 50, and the macrophages were harvested immediately or were incubated for 1 h at 37°C. Then, the cells were extensively washed five times with cold PBS. The uptake of bacteria was assessed *via* flow cytometry; the data are expressed as the percentage of positive cells.

The bacterial killing assay was performed according to the protocol described in previous studies ([@B19]). Briefly, *L. monocytogenes* (MOI, 1) or *E. coli* (MOI, 20) were added to cells cultured in antibiotic-free medium. After 30 min, gentamicin (50 µg ml^−1^) was added, and the cells were incubated for another 30 min. The gentamicin was then removed by thoroughly washing the cells with PBS, and the cells were incubated in fresh medium until the appropriate time points. At each time point, the cells were lysed by the addition of distilled H~2~O, and the diluted aliquots were spread on brain--heart infusion agar plates (*L. monocytogenes*) or LB agar plates (*E. coli*). The number of CFU on the plates was counted after incubation overnight at 37°C.

Liver and Spleen Histology {#S2-6}
--------------------------

The large lobe of the liver and the entire spleen were removed from the mice 2 days post-infection (*L. monocytogenes*), rinsed in PBS, and fixed in formalin. The liver and spleen were treated with sequentially increasing concentrations of ethanol for dehydration and were embedded in paraffin, cut into 5-µm sections, and then stained with hematoxylin and eosin (H&E). The brightfield images were taken by Olympus BX51 microscope and equipped with an Olympus DP70 digital camera. The number of microabscesses was counted by six images (one image per mice). The spleen cellular destruction was evaluated by quantifying relative intact white pulp of six images (one image per mice).

Lung Histology {#S2-7}
--------------

The lungs were removed, fixed in formalin, and processed for H&E and periodic acid-Schiff (PAS) staining.

Immunofluorescence and Confocal Microscopy {#S2-8}
------------------------------------------

Macrophages were fixed in prewarmed 4% paraformaldehyde for 10 min and permeabilized with 0.2% Triton X-100 for 5 min. After the samples were blocked with 5% BSA, the cells were incubated for 1 h with phalloidin (1:50 in PBS containing 5% BSA, Invitrogen). Nuclei were stained with DAPI (Beyotime Biotechnology). Five random fields per condition were imaged using a confocal microscope (LSM800, Zeiss). The mean pixel intensity of GFP was measured with Zeiss ZEN 2 lite software ([@B20]). The level of phagocytosis is expressed as the ratio of the total area of GFP dots to overall cell number.

RNA-seq and Analysis {#S2-9}
--------------------

Total RNA was extracted from wild-type and CFP1-deficient bone marrow-derived macrophages with TRIzol reagent (Invitrogen). Library construction and sequencing were performed on a BGISEQ-500 platform by Wuhan Genomic Institution ([www.genomics.org.cn](www.genomics.org.cn), BGI, Shenzhen, China). All reads were mapped to the mm10 mouse genome, and the uniquely mapped reads were subjected to RNA-seq data analysis using the Hierarchical Indexing for Spliced Alignment of Transcripts (HISAT) system ([@B21]).

Chromatin Immunoprecipitation (ChIP) Analysis {#S2-10}
---------------------------------------------

Chromatin immunoprecipitation assays were performed using the ChIP-IT kit (Active Motif, USA) according to the manufacturers' instructions with modifications. Briefly, macrophages were fixed in 1% formaldehyde. The crosslinked chromatin was sonicated using a Bioruptor UCD-200 sonicator in a 4°C water bath in order to obtain DNA fragments sized between 100 and 500 bp. Chromatin from 2 × 10^6^ cells was used for each ChIP experiment. Antibodies against CFP1 (Abcam, 5 mg for each ChIP reaction), H3K4me3 (Active Motif, 2.5 mg for each ChIP reaction), H3K9ac, and H3K27ac (Abcam, 4 mg for each ChIP reaction) were used. The ChIP qPCR primers are listed in Table S1 in Supplementary Material.

Bronchoalveolar Lavage (BAL) Fluid {#S2-11}
----------------------------------

Mice were sacrificed by administration of intraperitoneal sodium pentobarbital. BAL fluid was isolated by cannulation of the trachea with a catheter. The lungs were flushed with 3 × 600 μl PBS, and BAL cells were harvested by centrifugation for 5 min at 1,500 r.p.m.

Retrovirus Transfection {#S2-12}
-----------------------

Retrovirus was prepared in Plat-E cells. Plat-E cells were transfected with pMX-IRES-GFP plasmids containing the indicated genes, the medium was replaced with fresh medium after 10 h, and the retrovirus-containing supernatant was collected after an additional 72 h.

Bone marrow cells were isolated from CFP1-deficient or wild-type mice. These cells were transduced on two successive days with retroviral vectors expressing the indicated genes. After the second transduction, the cells were resuspended in macrophage growth medium \[RPMI-1640 medium supplemented with 10% (vol/vol) FCS, 100 U/ml penicillin, 100 µg ml^−1^ streptomycin, and 10 ng ml^−1^ GM-CSF\]. The cells were cultured for 6 days and were then analyzed. For the phagocytosis assay in reconstituted macrophages, AF-647-labeled *L. monocytogenes* was added at an MOI of 10, and the cells were incubated for 40 min. For the bacterial killing assay, *L. monocytogenes* was added into the cells at an MOI of 10.

Statistical Analysis {#S2-13}
--------------------

The mean and SD of four independent experiments is shown, except where otherwise indicated, and comparisons were performed by a two-tailed unpaired Student's *t*-test. Significance levels (*P* values) are presented on the figures.

Results {#S3}
=======

Defective Phagocytosis and Intracellular Killing of Bacteria in CFP1-Deficient GM-CSF-Derived Macrophages {#S3-1}
---------------------------------------------------------------------------------------------------------

Cxxc finger protein 1 is an important epigenetic regulator and is crucial for vertebrate development. The loss of CFP1 in mice results in peri-implantation lethality ([@B22]). In CFP1 conditional knockout mice (Mx1 Cre), ablation of CFP1 results in a nearly complete loss of lineage-committed progenitors and mature cells after the induction of Cre expression in adult animals ([@B23]). To investigate the role of CFP1 in inflammatory macrophages, we crossed *Cxxc1*-floxed mice (*Cxxc1^fl/fl^*) ([@B17]) with LysM-Cre knock-in mice to delete CFP1 in neutrophils, monocytes, and macrophages. We performed qPCR and western blot analyses to detect the deficiency of CFP1 in GM-CSF-cultured bone marrow-derived macrophages, which confirmed that CFP1 was successfully deleted in the CFP1-deficient mice (Figures S1A,B in the Supplementary Material).

First, we addressed the effect of CFP1 on the populations of monocytes and macrophages in CFP1-deficient mice. There was no significant difference between CFP1-deficient and wild-type mice in the percentage or cell number of F4/80^+^CD11b^+^ macrophages and Ly6C^hi^CD11b^+^ inflammatory monocytes in the bone marrow (Figure S1C in Supplementary Material) and spleen (Figure S1D in the Supplementary Material). Additionally, the expression of F4/80, CD11b, CD11c, and antigen presentation-related molecules such as MHCII, CD80, and CD86 were not affected in CFP1-deficient macrophages after *in vitro* culture with GM-CSF for 6 days (Figure S1E in the Supplementary Material).

To investigate the role of CFP1 in GM-CSF-derived macrophages, we examined the cytokine production of macrophages in response to lipoteichoic acid (LTA) and LPS. LTA is a major constituent of the cell wall of Gram-positive bacteria, and LPS is the major outer surface membrane component present in almost all Gram-negative bacteria. After stimulation with LTA or LPS, the mRNA level and protein level of IL6 and iNOS, compared to those of the wild-type macrophages, were not affected in CFP1-deficient macrophages, while IL12p40 decreased and TNF-α decreased only after stimulation with LPS (Figures S2A--C in the Supplementary Material).

Next, we focused on macrophage effector functions. *Listeria monocytogenes* (*L. monocytogenes*) is a Gram-positive intracellular bacterium ([@B24]). *Escherichia coli* (*E. coli*) is a Gram-negative extracellular bacterium. We assessed bacterial phagocytosis by incubating fluorescein isothiocyanate-labeled *L. monocytogenes* or *E. coli* with macrophages derived from CFP1-deficient mice and wild-type mice. Flow cytometry showed that CFP1-deficient macrophages exhibited less phagocytosis of both *L. monocytogenes* and *E. coli* than wild-type macrophages did (Figures [1](#F1){ref-type="fig"}A,B). Furthermore, we applied immunofluorescence microscopy to evaluate phagocytosis. Similar results were obtained by infecting macrophages with live *L. monocytogenes*-GFP and *E. coli*-GFP that could stably express green fluorescent protein (Figures [1](#F1){ref-type="fig"}C,D). However, the number of live intracellular bacteria was significantly higher in CFP1-deficient macrophages than in wild-type macrophages, as measured at late time points after bacterial infection (Figures [1](#F1){ref-type="fig"}E,F), which indicated that in addition to showing decreased uptake of bacteria, CFP1-deficient macrophages were significantly defective in the intracellular killing of bacteria.

![Compared with macrophages from wild-type mice, Cxxc finger protein 1 (CFP1)-deficient macrophages showed defective phagocytosis and intracellular killing of bacteria. **(A,B)** Flow cytometry of wild-type (black rectangle) and CFP1-deficient macrophages (white rectangle) left uninfected (UI) or infected for 60 min with either AF647-labeled *Listeria monocytogenes* (AF647-*LM*) at a multiplicity of infection (MOI) of 10 **(A)** or with AF647-labeled *E. coli* (AF647-*E. coli*) at an MOI of 20 **(B)**. **(C,D)** Confocal microscopy images of GM-CSF-derived CFP1-deficient macrophages and wild-type cells incubated with *L.M*-GFP (MOI, 10) **(C)** or *E. coli*-GFP (MOI, 20) **(D)**. The scale bars represent 20 µm. **(E,F)** Pathogen burden in wild-type (white circle) and CFP1-deficient (white square) macrophages infected with *L. monocytogenes* (MOI, 1) or *E. coli* (MOI, 20), presented as colony-forming units (CFU). The mean and SD of four independent experiments are shown. \**P* \< 0.05, \*\**P* \< 0.01 and \*\*\**P* \< 0.001 indicate significant differences between groups as determined by Student's *t*-test.](fimmu-09-01885-g001){#F1}

These results indicated that CFP1 was required for the phagocytic and bactericidal activity of inflammatory macrophages and that these activities were important for efficiently clearing bacteria.

CFP1-Deficient Mice Were More Susceptible to Bacteria {#S3-2}
-----------------------------------------------------

To verify the role of CFP1 *in vivo*, we challenged CFP1-deficient mice with *L. monocytogenes* or *E. coli*. In response to intravenous infection with *L. monocytogenes*, we found that approximately 40% of the CFP1-deficient mice survived for 96 h, whereas approximately 90% of the wild-type mice survived for this time period (Figure [2](#F2){ref-type="fig"}A). We also assessed the response of wild-type and CFP1-deficient mice to intravenous infection with *L. monocytogenes*, measured as total CFU in the liver and spleen at day 2 after infection. CFP1-deficient mice had significantly more bacteria in the liver and spleen than did wild-type mice (Figures [2](#F2){ref-type="fig"}B,C). To evaluate the microabscess formation in the liver of *L. monocytogenes*-infected wild-type and CFP1-deficient mice, we stained the liver with H&E at 48 h post infection and found that there were more microabscesses in the liver of CFP1-deficient mice than in the liver of wild-type mice (Figure [2](#F2){ref-type="fig"}D; Figure S3A in the Supplementary Material). We also examined the spleen histology of infected wild-type and CFP1-deficient mice by H&E staining. The cellular destruction observed in the white pulp of the spleen from CFP1-deficient mice was substantially more severe than that observed in the wild-type mice (Figure [2](#F2){ref-type="fig"}E; Figures S3A in Supplementary Material).

![Cxxc finger protein 1 (CFP1)-deficient mice were more susceptible to *Listeria monocytogenes* and *E. coli* infection. **(A)** Survival of wild-type (*n* = 10) and CFP1-deficient (*n* = 11) mice injected in the tail vein with 5 × 10^5^ *L. monocytogenes* and monitored every hour after infection. **(B,C)** Bacterial load in the spleen **(B)** or liver **(C)** of wild-type (white circle) and CFP1-deficient (white square) mice injected in the tail vein with 1 × 10^5^ *L. monocytogenes* assessed on day 2 after infection (*n* = 6 mice per genotype). **(D,E)** Hematoxylin and eosin staining of liver **(D)** and spleen **(E)** tissue from wild-type and CFP1-deficient mice 48 h after tail vein injection of 1 × 10^5^ *L. monocytogenes*. The scale bars represent 200 µm. **(F)** Survival of wild-type and CFP1-deficient mice (*n* = 13) injected intraperitoneally with 3 × 10^8^ *E. coli* and monitored every hour after infection. **(G)** Bacterial load in blood (10 µl) collected 24 h of wild-type (white circle) and CFP1-deficient (white square) mice after infection as in **(F)**. CFU, colony-forming units (*n* = 6 mice per genotype). Each symbol represents an individual mouse; the small horizontal lines indicate the mean **(B,C,G)**. \**P* \< 0.05 and \*\*\**P* \< 0.001 indicate significant differences between groups as determined by Student's *t*-test.](fimmu-09-01885-g002){#F2}

In response to intraperitoneal infection with *E. coli*, 50% of the CFP1-deficient mice were dead at 30 h after infection, while all wild-type mice were alive at that time (Figure [2](#F2){ref-type="fig"}F). Additionally, the CFP1-deficient mice had a higher bacterial load in the blood than did the wild-type mice (Figure [2](#F2){ref-type="fig"}G).

These data suggested that the CFP1-deficient mice were more susceptible to *L. monocytogenes* and *E. coli* infection than were wild-type mice, which was in accordance with the *in vitro* results.

RNA-seq Showed Impaired Expression of Phagosome Maturation-Related Genes in CFP1-Deficient Macrophages {#S3-3}
------------------------------------------------------------------------------------------------------

To uncover CFP1-dependent genes relevant to phagocytic and bactericidal activity in macrophages, we compared the transcriptomes of wild-type and CFP1-deficient macrophages by high-throughput sequencing of cDNA libraries (RNA-seq). Considering a fold change of 1.5 and a *P* \< 0.05 to be the threshold parameters, we found that 792 genes, including Ccl6, Cxcl3, and Csf2rα, were downregulated by CFP1 knockdown in CFP1-deficient cells. However, 1,341 genes, for example, MMP8, were upregulated (Figure [3](#F3){ref-type="fig"}A).

![Cxxc finger protein 1 (CFP1)-deficient macrophages showed decreased expression of phagosome pathway-related genes. **(A)** Scatter plot showing gene expression changes in wild-type and CFP1-deficient macrophages. Downregulated genes are indicated in blue; upregulated genes, in red. **(B)** GO analysis of the downregulated genes. Left: enriched GO categories (*P* \< 0.05). Right: pie chart showing the number of genes in each GO category. **(C)** KEGG analysis of the downregulated genes. Left: enriched GO categories (*P* \< 0.05). Right: pie chart showing the number of genes in each GO category. **(D)** KEGG pathway analysis of genes in phagosome-related pathways, presented as the expression in CFP1-deficient macrophages relative to that in wild-type macrophages. **(E)** The mRNA and protein level of COLEC12, NCF1, and NCF2 in wild-type (black rectangle) and CFP1-deficient (white rectangle) macrophages. The mean and SD of four independent experiments are shown. \**P* \< 0.05 and \*\*\**P* \< 0.001 indicate significant differences between groups as determined by Student's *t*-test.](fimmu-09-01885-g003){#F3}

Published work has reported that CFP1 was required for gene expression through H3K4 trimethylation and H3K9 acetylation ([@B16]), and the loss of CFP1 led to the increased expression of neighboring genes through aberrant H3K4me3 accumulation at regulatory regions ([@B13]). In our study, few of the upregulated genes were associated with macrophages phagocytosis, which may explain the inappropriate expression due to the loss of CFP1. Thus, we focused on downregulated genes. A gene ontology cellular component analysis of the downregulated genes using DAVID ([@B25]) revealed that many genes were associated with endosomes and lysosomes (Figure [3](#F3){ref-type="fig"}B). Of the downregulated genes, 44 were identified to be associated with the endosome GO term, and 32 were found to be associated with the lysosome GO term. Furthermore, we also performed a KEGG pathway analysis of the downregulated genes and found highly significant enrichment of many genes associated with a variety of phagosome, hematopoietic cell lineage, and endocytosis pathways (Figure [3](#F3){ref-type="fig"}C). 20 of those enriched genes, including COLEC12, NCF1, and NCF2, were associated with the KEGG phagosome pathway (Figure [3](#F3){ref-type="fig"}D). COLEC12 plays an important role in the uptake of bacteria in both CHO-K1 cells ([@B26], [@B27]) and human vascular endothelial cells ([@B28]), while NCF1 and NCF2 are associated with bactericidal activity in phagocytes ([@B29]). We measured the expression of those genes and obtained the same results as we obtained by the RNA-seq analysis (Figure [3](#F3){ref-type="fig"}E). These findings further support the conclusion that CFP1 contributes to phagocytic and bactericidal activity.

CFP1-Mediated H3K4 Trimethylation at the Csf2rα Promoter and Promoted Csf2rα Expression {#S3-4}
---------------------------------------------------------------------------------------

To determine the mechanistic basis for the impaired phagocytosis observed in CFP1-deficient macrophages, we inspected the genes highly expressed in wild-type macrophages but downregulated as a result of the absence of CFP1. These genes should possess long CpG islands, since genome-wide ChIP sequencing shows a tight association between CFP1 and H3K4me3 at CGIs ([@B14]). We found that Csf2rα was at the top of the list of candidate genes; Csf2rα, which possesses a long CGI (2,821 bp), not only was highly expressed in macrophages and but was also significantly decreased in CFP1-deficient macrophages. Csf2rα is known to be a subunit of the GM-CSF receptor and can bind to GM-CSF to activate the GM-CSF signaling pathway mediated by JAK2 and STAT5 phosphorylation, which is critical for governing both differentiation and the inflammatory signature ([@B30], [@B31]). We found that the expression of Csf2rα at both the mRNA and protein levels dramatically decreased in CFP1-deficient macrophages compared with wild-type macrophages (Figures [4](#F4){ref-type="fig"}A,B). Additionally, compared with that in wild-type cells, STAT5 phosphorylation was decreased in CFP1-deficient macrophages after stimulation with GM-CSF (Figure [4](#F4){ref-type="fig"}C). Abundant evidence verified that GM-CSF promotes PU.1 expression in AMs and myeloid cells and that constitutive PU.1 expression in GM-CSF-deficient AMs could rescue all the phenotypic abnormalities ([@B32], [@B33]). In our study, PU.1 expression was reduced in CFP1-deficient macrophages compared with that in wild-type macrophages, as expected (Figure [4](#F4){ref-type="fig"}D).

![Cxxc finger protein 1 (CFP1) bound to the Csf2rα promoter region and was associated with H3K4me3, H3K9ac, and H3K27ac. **(A,B)** The expression of Csf2rα at the mRNA **(A)** and protein **(B)** level in wild-type (black rectangle) and CFP1-deficient (white rectangle) macrophages. **(C)** Immunoblot analysis of phosphorylated (p-) STAT5 and total STAT5 and GAPDH in wild-type and CFP1-deficient macrophages stimulated for 0--30 min (upper lanes) with GM-CSF (10 ng ml^−1^). **(D)** The expression of PU.1 at the mRNA level in wild-type (black rectangle) and CFP1-deficient (white rectangle) macrophages. **(E--H)** Chromatin immunoprecipitation analysis of endogenous CFP1 **(E)**, H3K4me3 **(F)**, H3K9ac **(G)**, H3K9ac **(H)** in wild-type (black rectangle) and CFP1-deficient (white rectangle) macrophages, followed by real-time PCR analysis for specific enrichment of each modification at the Csf2rα promoter. The primer positions are relative to the TSS of Csf2rα. The mean and SD of four independent experiments are shown. \**P* \< 0.05, \*\**P* \< 0.01 and \*\*\**P* \< 0.001 indicate significant differences between groups as determined by Student's *t*-test.](fimmu-09-01885-g004){#F4}

Cxxc finger protein 1 has been shown to recruit the Setd1A complex in order to promote deposition of H3K4me3. We, therefore, hypothesized that CFP1 would promote Csf2rα expression by introducing activating marks at the Csf2rα promoter region. To determine whether CFP1 can bind to the Csf2rα promoter or not, we used a chromatin immunoprecipitation (ChIP) assay with a CFP1-specific antibody. In the ChIP assay, we found less enrichment in the binding of CGI at the Csf2rα promoter in CFP1-deficient macrophages compared to this binding in wild-type cells (Figure [4](#F4){ref-type="fig"}E). This result indicated that CFP1 bound to the Csf2rα promoter. To address whether CFP1 binding exerted an influence on altering chromatin modification, we performed ChIP analysis of H3K4me3 in wild-type and CFP1-deficient macrophages. We found that CFP1-deficient macrophages had less H3K4me3 at the promoter regions than wild-type cells (Figure [4](#F4){ref-type="fig"}F). In addition, the enrichment of the activating marks H3K9ac and H3K27ac was significantly decreased in CFP1-deficient macrophages compared with that in wild-type macrophages (Figures [4](#F4){ref-type="fig"}G,H). Considering all these data, we concluded that CFP1 mediated the promotion of Csf2rα expression at the chromatin level.

CFP1-Deficient Macrophages and Mice Exhibited an Abnormal Phenotype {#S3-5}
-------------------------------------------------------------------

GM-CSF signaling has been demonstrated to be essential for AM differentiation and maturation as well as for the regulation of surfactant homeostasis and host lung defense ([@B31], [@B34], [@B35]). An increasing number of studies have shown that cultured GM-CSF-deficient AMs were large and fat ([@B33]) and that they displayed impaired phagocytic and bactericidal activity. Moreover, GM-CSF- and CSF2rβ-deficient mice both exhibited an absence of AMs in BAL fluid and pulmonary alveolar proteinosis ([@B36], [@B37]). In our study, CFP1-deficient macrophages exhibited an atypical elongated and large morphology, whereas wild-type macrophages presented the typical pancake-like shape of inflammatory macrophages (Figures [5](#F5){ref-type="fig"}A--C). The number of F4/80^+^CD11c^+^ AMs decreased substantially in the BAL fluid of 8-week-old CFP1-deficient mice compared to that in the BAL fluid of wild-type mice, while the number of abnormal F4/80^+^CD11c^−^ cells increased substantially, and this effect was not observed in wild-type mice (Figures [5](#F5){ref-type="fig"}D,E). Histopathological examination of stained lung tissue showed increased inflammatory cell infiltration in 2-month-old CFP1-deficient mice compared with that in wild-type mice, and PAS staining exhibited normal results in CFP1-deficient mice and in wild-type mice (Figure [5](#F5){ref-type="fig"}F). However, compared with wild-type mice, 8-month-old CFP1-deficient mice showed both an infiltration of inflammatory cells and an accumulation of surfactant phospholipids and proteins in the lung tissue (Figure [5](#F5){ref-type="fig"}G).

![Cxxc finger protein 1 (CFP1)-deficient macrophages and mouse lung showed abnormal phenotypes. **(A)** Photomicrographs of wild-type and CFP1-deficient macrophages stained with May--Grünwald and Giemsa, scale bar: 100 µm. **(B)** Quantification of elongation, measured as the length of the long axis divided by the length of the short axis, for wild-type (white circle) and CFP1-deficient macrophages (white square). **(C)** Quantification of area for wild-type (white circle) and CFP1-deficient (white square) macrophages. The normalized area of the wild-type macrophages was arbitrarily set as 1. **(D,E)** Identification of alveolar macrophages (F4/80^+^CD11c^hi^) in the bronchoalveolar lavage fluid of wild-type (black rectangle) and CFP1-deficient (white rectangle) mice. **(F,G)** Panels show hematoxylin and eosin- and periodic acid-Schiff-stained histological lung sections of 2-month-old **(F)** and 8-month-old **(G)** wild-type and CFP1-deficient mice. Scale bars represent 100 µm. Each symbol represents an individual cell; the small horizontal lines indicate the mean **(B,C)**. The mean and SD of four independent experiments are shown. \**P* \< 0.05 and \*\*\**P* \< 0.001 indicate significant differences between groups as determined by Student's *t*-test.](fimmu-09-01885-g005){#F5}

Taken together, these data suggested that CFP1-deficient macrophages exhibited an atypical elongated and large morphology and that CFP1-deficient mice were susceptible to suffering from spontaneous inflammatory symptoms in the lungs.

Restoring Csf2rα and PU.1 Expression Partially Rescued Phagocytic and Bactericidal Activity in CFP1-Deficient Macrophages {#S3-6}
-------------------------------------------------------------------------------------------------------------------------

To determine if the re-expression of Csf2rα and PU.1 in CFP1-deficient macrophages was sufficient to rescue the defects in phagocytic and bactericidal activity, we infected CFP1-deficient macrophages with retroviruses expressing CFP1, Csf2rα, or PU.1 cDNA, and the transfection efficiency was about 30--40%. The phagocytosis of *L.M* was increased in the CFP1-reconstituted cells, which were used as a positive control (Figures [6](#F6){ref-type="fig"}A,B). Flow cytometry analysis also showed that the re-expression of Csf2rα and PU.1 in CFP1-deficient macrophages partially restored the phagocytosis of *L.M* (Figures [6](#F6){ref-type="fig"}A,B). Later, we evaluated whether the intracellular killing of *L.M* in CFP1-deficient macrophages could be rescued by the re-expression of CFP1, Csf2rα, or PU.1. The results showed that the cells reconstituted with CFP1 demonstrated an increased killing ability against *L.M* compared with that of CFP1-deficient macrophages (Figure [6](#F6){ref-type="fig"}C). In addition, the number of live intracellular *L.M* was dramatically decreased in the Csf2rα- and PU.1-reconstituted cells at late time points after infection (Figure [6](#F6){ref-type="fig"}C). These data demonstrated that Csf2rα and PU.1 could partially rescue the phagocytic and bactericidal activity of CFP1-deficient macrophages.

![Csf2rα partially reversed the defects in the phagocytic and bactericidal activity of Cxxc finger protein 1 (CFP1)-deficient macrophages. **(A,B)** Flow cytometry analysis of CFP1-deficient (black rectangle) and Csf2rα- (vertical stripe rectangle), PU.1- (horizontal stripe rectangle), and CFP1-reconstituted (white rectangle) macrophages infected for 40 min with AF647-labeled *L. monocytogenes* (AF647-LM) at a multiplicity of infection (MOI) of 5. **(C)** Pathogen burden in CFP1-deficient (black rectangle) and Csf2rα- (vertical stripe rectangle), PU.1- (horizontal stripe rectangle), and CFP1-reconstituted (white rectangle) macrophages infected with *L. monocytogenes* (MOI, 10), presented as colony-forming units (CFU). The mean and SD of four independent experiments are shown. \**P* \< 0.05 and \*\**P* \< 0.01 indicate significant differences between groups as determined by Student's *t*-test.](fimmu-09-01885-g006){#F6}

Discussion {#S4}
==========

Epigenetic modifications such as histone modifications are becoming recognized as being far more important than originally thought in macrophage development and function. Many histone methyltransferases have been identified as playing an indispensable role in macrophage functions ([@B3], [@B4]). For example, loss of Mll4 leads to hypo-responsiveness to LPS ([@B11]). In addition, Ash1l-silenced macrophages demonstrate increased production of proinflammatory cytokines ([@B38]). Here, we illustrated the role of CFP1 in phagocytosis, and our results shed new light on the epigenetic regulation of macrophage effector functions.

As an epigenetic regulator, CFP1 guides H3K4me3 deposition by the SETD1 complex and is essential for the expression of target genes, which play important roles in hematopoiesis ([@B23]), thymocyte development ([@B17]), and oocyte development ([@B39]). In our study, we found few defects in macrophage development and cytokine production in CFP1-deficient mice.

The efficient clearance of bacteria depends on phagocytosis by macrophages. Our studies demonstrated that CFP1 plays a crucial role in promoting the phagocytic and bactericidal activity of GM-CSF-derived macrophage. Heretofore, macrophage-related studies of histone modifications focused on cytokine production. Only a few reports showed the role of histone modifications in macrophage phagocytosis. For example, the histone methyltransferase mixed-lineage leukemia 1 repressed the phagocytic and bactericidal activity of macrophages *in vitro* ([@B40]). In contrast, our results showed that CFP1 promoted the phagocytic and bactericidal activity of macrophages, and we verified this result *in vivo*.

In the KEGG analysis of the downregulated genes identified by RNA-seq, we also found that a high enrichment of genes associated with FcγR-mediated phagocytosis, a result that was in accordance with the impaired phagocytic function of GM-CSF-deficient AMs ([@B41]). Among the downregulated genes, we found some genes associated with phagocytosis, such as COLEC12, NCF1, and NCF2.

Furthermore, we identified Csf2rα as a target gene of CFP1 and showed that CFP1 promoted the expression of Csf2rα through a histone modification-dependent effect. Indeed, CFP1-deficient macrophages displayed an atypical elongated and large morphology similar to that of GM-CSF-deficient AMs. Moreover, CFP1-deficient mice exhibited spontaneous inflammatory symptoms in the lungs that resembled the phenotype of GM-CSF-deficient mice. These data suggested that CFP1 maintained the ability for phagocytosis and the intracellular killing of bacteria through promoting Csf2rα expression in GM-CSF-derived macrophages. In addition, we found that Csf2rα and PU.1 overexpression in CFP1-deficient cells reversed the decrease in phagocytic and bactericidal activity.

In our study, no proinflammatory cytokines were affected except for IL12-p40 in CFP1-deficient macrophages after stimulation with LTA or LPS. This result is supported by the prior observation that the production of IL12 was severely attenuated in AMs from GM-CSF deficient mice ([@B41]). A previous study showed that mutations in Csf2rα lead to pulmonary alveolar proteinosis in humans ([@B42]). However, the lungs of CFP1-deficient mice exhibited only slight chronic inflammation-related autoimmune symptoms, as well as an increased infiltration of inflammatory cells and an accumulation of phospholipids and proteins. This effect may have occurred because Csf2rα expression was decreased in CFP1-deficient macrophages but not completely absent. Although we found that Csf2rα was the main target of CFP1, we could still not exclude other target genes.

Collectively, we have demonstrated that CFP1 plays a crucial role in GM-CSF-derived macrophages, in which it positively regulates phagocytic and bactericidal activity mainly through promoting Csf2rα expression and the subsequent activation of downstream pathways. CFP1 can accumulate at CGI in the Csf2rα promoter, enhance H3K4 trimethylation, and thus promote Csf2rα expression. Thus, CFP1 acts as a promoter of macrophage phagocytosis and the intracellular killing of bacteria in a manner dependent on histone modification. More importantly, our findings provide the insightful elucidation of the association of epigenetic regulators with phagocytosis and supply important clues for therapeutic intervention in inflammatory and autoimmune diseases.
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